Objective-The goal of this study was to investigate the role of complement cascade genes in the pathobiology of human abdominal aortic aneurysms (AAAs). Methods and Results-Results of a genome-wide microarray expression profiling revealed 3274 differentially expressed genes between aneurysmal and control aortic tissue. Interestingly, 13 genes in the complement cascade were significantly differentially expressed between AAA and the controls. In silico analysis of the promoters of the 13 complement cascade genes showed enrichment for transcription factor binding sites for signal transducer and activator of transcription (STAT)5A. Chromatin-immunoprecipitation experiments demonstrated binding of transcription factor STAT5A to the promoters of the majority of the complement cascade genes. Immunohistochemical analysis showed strong staining for C2 in AAA tissues. Conclusion-These results provide strong evidence that the complement cascade plays a role in human AAA. Based on our microarray studies, the pathway is activated in AAA, particularly via the lectin and classical pathways. The overrepresented binding sites of transcription factor STAT5A in the complement cascade gene promoters suggest a role for STAT5A in the coordinated regulation of complement cascade gene expression. (Arterioscler Thromb Vasc Biol. 2011;31:1653-1660.)
greater than 3 cm of the infrarenal abdominal aorta, is a complex disease of the aging population. 1 Rupture of AAA is associated with a high mortality rate, making aortic aneurysms the 13th leading cause of death among white males over the age of 65 (WISQARS Leading Causes of Death Reports, 1999 to 2007; http://webappa.cdc.gov/sasweb/ncipc/ leadcaus10.html). Characteristics of AAA pathogenesis include inflammation, vascular smooth muscle cell (SMC) apoptosis, oxidative stress, and extracellular matrix degradation. 2 Autoimmunity may also play a role in aneurysm development and progression, 3 with 1 report suggesting increased levels of complement factor 3 (C3) and IgG subclasses in the aneurysmal wall. 4 Chronic inflammation plays a role in numerous diseases, especially diseases related to aging. The complement system as part of the innate immunity may contribute to many inflammatory diseases such as age-related macular degeneration, arthritis, Parkinson disease, and Alzheimer disease. 5 Complement may also have a potential role in the initiation and progression of aneurysms. 6 Many different types of immune cells have been reported in AAA tissue such as T cells, B cells, macrophages, dendritic cells, mast cells, natural killer cells, and natural killer T cells. 3 The complement maintains a link between the innate and adaptive immune system and is known to directly or indirectly associate with many types of immune cells. 7 The complement system consists of more than 30 proteins, mainly proteases, which create a cascade when triggered. 7 Composed of 3 pathways, the complement system is a complex primary defense to help humans fight against pathogens. The classical pathway is activated by antibodies bound to antigens in immune complexes, whereas the lectin pathway is activated by microbial sugars, such as mannose-binding lectin. The alternative pathway can be activated in the absence of antibodies by the spontaneous hydrolysis of C3. 7, 8 All pathways can lead to inflammation, promote antibody production, assist in phagocytosis, and attack cell membranes. 7 The aim of the current study was to investigate the role of the complement cascade in the pathogenesis of human AAA. Several members of the complement cascade had increased expression at both the mRNA and protein levels in AAA tissue samples. The results, combined with previously published animal studies by other investigators, suggest that the complement cascade is involved in AAA pathogenesis.
Materials and Methods
An expanded Methods section (including Supplemental Tables I to  IV and Supplemental Figures I and II) is available in the supplemental materials (available online at http://atvb.ahajournals.org).
Human Samples
Full-thickness aortic wall tissue specimens were collected from patients undergoing AAA repair operations at the Geisinger Medical Center, Danville, PA, or at the Harper University Hospital, Detroit, MI. Nonaneurysmal aortic samples were collected at autopsies. All samples are listed in Supplemental Table I . The collection of the human tissues was approved by the institutional review boards of Geisinger Clinic, Danville, PA, and Wayne State University, Detroit, MI.
RNA Expression Studies
The details on global mRNA expression profiles for aneurysmal and nonaneurysmal human abdominal aorta ( Supplemental Table I ) have been described previously 9 and the microarray data can be obtained from the Gene Expression Omnibus database (series GSE7084, http://www.ncbi.nlm.nih.gov/geo/). We used in the current study the microarray results only from the Illumina platform. Pathway information was obtained from the Kyoto Encyclopedia of Genes and Genomes. 10 Gene symbols available from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/) were used.
In Silico Analysis to Identify Transcription Factor Binding Sites
We analyzed the promoter regions of the differentially expressed genes from the complement cascade to identify enriched transcription factor binding sites using a computational approach implemented in Whole Genome rVISTA 11 (http://genome.lbl.gov/vista/ index.shtml), a publicly available bioinformatics program.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed with human monocyte cells (THP-1 cell line, catalog no. TIB-202, American Type Culture Collection, Manassas, VA) 12 treated with lipopolysaccharide and interferon (IFN)-␥. 13
Immunohistochemical Analysis
Control abdominal aorta samples (Nϭ7; donor ages ranging from 44 to 88 years, mean 63.6Ϯ15.5 years) were obtained at autopsy ( Supplemental Table I ). Patient samples (8 AAA patients; ages ranging from 64 to 72 years, mean age 67.9Ϯ2.9) were tissues removed from the aneurysmal sac during open surgical repair operations.
Immunostaining was carried out with formalin-fixed paraffinembedded tissue sections as described previously. 14 The primary antibodies are listed in Supplemental Table III . Double staining was performed with the macrophage/monocyte specific antibody CD68 15 and the antibody against signal transducer and activator of transcription-5A (STAT5A) using EnVision G/2 Doublestain System (Dako, Glostrup, Denmark).
Genetic Association Study
A genetic association study was carried out to test for an association with polymorphisms in the complement cascade genes. A complete list of the 16 polymorphisms used in the final analyses is given in Supplemental Table IV . The DNA samples used for the study consisted of 2 case-control sets: set I had 394 AAA cases and 419 controls; set II consisted of 480 AAA cases and 480 controls, as described previously. 16, 17 Power calculations were performed using the Genetic Power Calculator (http://pngu.mgh.harvard.edu/ϳpurcell/gpc/). We assumed that the polymorphism and the disease locus were in a complete linkage disequilibrium and that they had the same allele frequencies, ie, the polymorphism was the disease locus. Assuming a disease locus with an additive effect and a disease prevalence of 0.02 our initial sample (set I) of 394 cases and 419 controls had an 80% power to detect a susceptibility locus with a genotypic relative risk Ն1.2 at a significance level of PϽ0.05 for a single-nucleotide polymorphism (SNP) with a minor allele frequency Ն0.2.
Results

The mRNA Expression of Many Complement Cascade Genes Is Altered in AAA
We carried out a microarray-based genome-wide expression profiling of AAA and nonaneurysmal tissue samples previously. 9 The study was based on combined analysis using Affymetrix and Illumina data. The Affymetrix array was used with pooled RNA samples and the Illumina array was used with individual RNA samples. We searched the list of differentially expressed genes for those belonging to the Kyoto Encyclopedia of Genes and Genomes pathway "Complement and Coagulation Cascades" (hsa04610) and found 13 (38%) of the 34 genes of the complement cascade arm of the pathway to have altered expression ( Figure 1 and Supplemental Table II ). As we describe in the Supplemental Methods, for the current study, we reanalyzed the microarray data using only the Illumina data obtained with individual samples to be able to carry out statistical analyses and assess sample-tosample variation. Of the 34 complement cascade genes ( Figure 1 and Supplemental Table II ) probed for with this array, 25 were considered expressed and are shown in the box-and-whiskers plot in Supplemental Figure I. Nine genes (C4BPA, C4BPB, C8A, C8B, C8G, C9, CR1, CR1L, and MBL2) were scored as not expressed because the signals were not statistically different from background noise at the 99% confidence level (Illumina Beadstudio software detection score Ͻ0.99). Five of the 13 differentially expressed complement cascade genes had increased, and 8 had decreased expression in AAA compared with the control tissues ( Figure  1 , Supplemental Figure I, and Supplemental Table II ).
In silico analysis of the promoter regions of the 13 differentially expressed complement cascade genes using Whole Genome rVISTA showed enrichment for binding sites for a transcription factor STAT5A when compared with the entire genome (Ϫlog 10 Pϭ2.4). There were, altogether, 6 binding sites for STAT5A in the set of these 13 genes, whereas there are a total of 2785 binding sites in the entire genome. One binding site for STAT5A was present in the promoters of 4 of the 13 genes (MASP1, SERPING1, C7, and C4A), and 2 bindings sites were present in the C1QC promoter. It is of interest that 4 (MASP1, SERPING1, C7, and C4A) of these 5 genes had decreased expression in AAA tissue and that all but 1 (MASP1) are part of the so-called classical pathway of the complement cascade. Based on our microarray expression data, STAT5A is expressed in both AAA and nonaneurysmal aorta, with no difference in the mRNA levels (not shown).
To establish whether the in silico results reflected true binding, we carried out ChIP followed by quantitative realtime polymerase chain reaction for STAT5A binding on the C1QC promoter in a monocyte cell line activated by lipopolysaccharide and IFN-␥ to mimic the inflammatory environment present in the aortic wall. Stimulation with IFN-␥ was considered relevant to AAA, because mice lacking IFN-␥ are resistant to AAA formation in the CaCl 2 model, 18 and IFN-␥-producing T cells are present in the blood and aortic wall of most AAA patients. 19 STAT5A protein bound to the C1QC promoter at the predicted site with 1000-fold enrichment compared with mock ChIP with mouse IgG.
To identify all the STAT5A binding sites on the promoters of the complement cascade genes, ChIP-chip was carried out using microarrays covering 10 kbp of the promoters of all known genes. STAT5A demonstrated binding to 6297 distinct genes (false discovery rate Ͻ0.05), 1095 (17%) of which were differentially expressed in human AAA tissue (431 had increased expression and 664 had decreased expression). In this analysis, we concentrated on the results from the complement cascade genes: strong evidence (false discovery rate Ͻ0.05) for STAT5A binding was found on 10 of the 34 complement cascade genes, and moderate evidence (0.05Ͻfalse discovery rateϽ0.2) on 9 complement cascade genes (Table) .
Immunohistochemical Staining Shows Altered Protein Expression of C2
Differences in tissue architecture were evident between AAA and control aortic tissue after hematoxylin-eosin staining of aortic wall samples (not shown). Aneurysmal aortic wall tissue had signs of extracellular matrix degradation, and normal vessel architecture was destroyed. A large amount of extracellular matrix and loss of elastic fibers in the media were consistent with prior observations. 20 AAA tissues also showed neovascularization in the adventitia, media, and intima. Most AAA tissue samples showed an increased number of inflammatory cells in the adventitia and media. Some samples showed peripheral nerves with ganglion cells in the adventitia. Three of 8 AAA samples had thrombus in the lumen, as did 1 of 7 controls (Supplemental Table I ). The intima layer was thicker in the AAA samples with a higher grade of atherosclerosis than in the aortic wall of the controls.
Immunohistological staining with antibodies against complement factor B (CFB), C2, complement factor H (CFH), C3, and STAT5A was evaluated in AAA and control tissue. CFB antibody showed no staining in the control aorta or in the AAA tissue (not shown). The fact that this antibody showed positive staining with a tissue array consisting of cancer tissue samples indicated that the lack of staining in aortic wall was not due to low sensitivity of the antibody but rather due to the absence of this antigen in the aortic tissue (ie, true negative result).
The antibody against C2 showed staining in both the AAA and control aortic tissue, with a stronger staining in the AAA samples (Figures 2 and 3) . The control aortic tissue had positive staining mainly around the vessels in the adventitia (Figure 2 ), but the media layer had only weak staining ( Figure  2 ); in the intima layer (not shown), positive staining was seen only in regions of atherosclerotic changes. The AAA tissue showed a stronger staining for C2 in the adventitial layer ( Figure 2) , surrounding vessels and neovessels (Figure 3) . Infiltrating neutrophils and macrophages were also C2positive. The media layer had staining in the extracellular regions ( Figure 2 ). The staining in the intima depended on the grade of destruction of the tissue but was always stronger in the AAA samples than in the controls (not shown). Approx- Figure 1 , as well as Supplemental Figure I and Supplemental Table  II for details. †Refers to physical location on the given chromosome (Chr), University of California Santa Cruz Golden Path hg18. FDR indicates false discovery rate; CFB, complement factor B. imately half of the lymphocytes in lymph nodes showed cytoplasmic staining, and cytoplasm of ganglion cells in the peripheral nerve tissue were positive for C2 ( Figure 3 ). Intraluminal thrombus was also strongly positive for C2 ( Figure 3 ). The antibody against CFH (Figures 2 and 3 ) showed positive cytoplasmic and nuclear staining in fibroblasts of the control aortic tissue but not in the AAA tissue ( Figure 2 ). Neutrophils in adventitia of AAA tissue were positive for CFH, whereas the lymphocytes were negative (Figure 3 ). Ganglion cells were CFH negative, whereas the intraluminal thrombus showed strong staining for CFH in AAA samples (Figure 3) .
Antibody against the ␣-chain of C3b (clone H206) produced only weak staining in the adventitia of the control tissue and in endothelial cells of the vessels, but none in the media; in the intima, staining was evident only in arteriosclerotic plaque lesions. By contrast, the AAA tissue showed an intense extra-and intracellular staining in the adventitia and media, and a weak staining in the intima (not shown). The antibody against the C3 ␣-chain, C3a (clone H13), showed cytoplasmic staining in infiltrating neutrophils and monocytes in AAA adventitia and media. The intensity of the staining in the media layer was similar in both the AAA and control tissues (Figure 2 ). In the intima, both control and AAA tissue showed only weak staining (not shown). There was no staining for this antibody in the lymph nodes, thrombus, neovessels, or nerve or ganglion cells (Figure 3) .
Both AAA and control samples showed staining for STAT5A in the adventitia and media layers (Figure 2 ). Cytoplasm of myofibroblasts was positive for STAT5A in both control and AAA tissue (Figure 2 ). Endothelial cells of the vasa vasorum in both controls and AAA and neovessels in AAA samples showed strong cytoplasmic staining (Figures 2  and 3 ). Connective tissue in the adventitia of AAA showed STAT5A-positive adipocytes (Figure 2 ). STAT5A also showed peripheral staining in the ganglion cells and nuclear staining of Schwann cells (Figure 3 ). Thrombus stained only weakly for STAT5A in AAA samples (Figure 3 ).
Double staining with antibodies against CD68 15 and STAT5A demonstrated that some of the monocytes and macrophages present in the aortic wall also stained for STAT5A, indicating STAT5A expression ( Supplemental Figure II) . These findings are consistent with results obtained with human lung tissue, where macrophages showed moderately strong staining for STAT5A (The Human Protein Atlas, www.proteinatlas.org). 21 The immunohistochemical findings in AAA tissues varied between the AAA samples depending on the grade of destruction of the aortic wall and the extent of inflammation. At least 2 samples gave the results described above. The control aortic tissues showed more consistency between samples taken from different individuals.
No Evidence of Genetic Association Between Complement Cascade Polymorphisms and AAA
In the current study, we also tested the hypothesis that a genetic variant in 1 of the complement cascade genes is associated with AAA and provides genetic susceptibility for AAA. We analyzed all the SNPs associated with age-related macular degeneration [22] [23] [24] and additional SNPs to cover the entire pathway (Supplemental Table IV ). None of the SNPs showed a deviation from Hardy-Weinberg equilibrium in the control populations. Case-control set I (394 cases and 419 controls) showed a borderline significant association for SNP rs9332739 in C2, rs4151667 in CFB, and rs1065489 in CFH. These associations could not be confirmed in the case-control set II (480 cases and 480 controls) or in the combined analyses with 874 AAA cases and 899 controls. Four SNPs (rs1143664, rs547154, rs9332739, and rs4151667) selected on the basis of prior associations with other diseases, and 1 SNP (rs12146727) selected on the basis of missense substitution, had minor allele frequencies substantially below 0.2 in our study population ( Supplemental Table IV ). In summary, no associations were found, but the SNPs with low minor Figure 3 . Immunohistochemical images of a lymph node, a thrombus, neovessels, and nerve or ganglion cells in AAA tissue. Antibodies against C2, C3 (␣-chain), complement factor H (CFH), and STAT5A were used for staining. Scale barϭ50 m.
allele frequencies would require larger sample sizes to detect or exclude associations.
Discussion
The exact underlying pathobiology of AAA remains unknown, but several characteristic features have been recognized in the aortic wall including chronic inflammation. 2, 3 The complement cascade is at the interface between innate and adaptive immunity by augmenting antibody responses and enhancing immunologic memory. 7 It contributes to opsonization, chemotaxis, and activation of leukocytes and can directly destroy bacteria and cells. In addition, complement factors are part of the disposal of cellular waste by clearing tissue from immune complexes and apoptotic cells. 7 Our results provide multiple lines of evidence that complement cascade plays an important role in AAA pathogenesis. Based on our microarray studies, the pathway is activated in AAA, particularly via the lectin and classical pathways. First, expression of C2, which is at the intersection between the lectin and classical pathways, is elevated. Second, C1QA and C1QC, which can be activated by an antibody-antigen complex in the first step of the classical pathway, also had increased mRNA expression in AAA. Third, 3 inhibitors of the complement cascade, CFH (acting in the alternative pathway by inhibiting CFB activation), SERPING1 (inhibitor of C1S in the classical pathway), and CD59 (inhibits the membrane attack complex), all have decreased expression in AAA. Finally the receptors C3AR and C5AR, located on the cell membrane, have increased expression.
Two previous studies on complement cascade carried out in mouse models also demonstrated a significant role of complement in the development of AAA. In the elastaseinduced AAA model with C57BL/6 mice, complete depletion of complement activity protected the mice from AAA development. 25 Complement inhibition done 24 hours before elastase infusion prevented AAA formation and provided evidence that the complement cascade is important in the initiation of AAA. Furthermore, the investigators showed that mice deficient in Cfb were resistant to AAA development in the elastase model. In addition, antagonism of C3a also blocked AAA development completely. 25 In our results, increased gene expression of C1QA, C1Q, and C2, as well as decreased expression of the inhibitor SERPING1 in human AAA tissue, suggests that the classical pathway plays a more prominent role in human AAA. The apparent inconsistency between the previously published mouse studies and the current human study could be due to mechanistic differences in the mouse model and human AAA or due to the late-stage disease samples of human AAA tissue studied here, whereas in knockout mice, earlier stages of AAA development were studied.
Of particular interest to AAA is the fact that the classical pathway can be activated independently of antibodies by pentraxins, a family of several pentameric proteins that bind to various lipids. 7 One of the best known pentraxins is the C-reactive protein; serum levels of C-reactive protein have been reported to be elevated in AAA patients, 26 providing another potential mechanism for the increased activity of the complement cascade in AAA.
Only 2 studies were published previously on the complement system in human AAA. The first study showed that C3 measured by ELISA had a 125-fold increase in AAA tissue compared with the control aortic tissue. Additionally IgG1, IgG2, and IgG3 levels, which can initiate the classical pathway, were increased in AAA patients. 4 The fact that C2 mRNA levels are increased in AAA may explain the elevated C3 levels without there being an increased C3 mRNA expression, because C2 is converted to C2a and, with C4b, forms the C3 convertase (C4b2a), which activates C3. 4 C3 has been linked to autoimmune diseases in that C3 activation appears to promote autoimmunity. This was observed in a mouse model of type II collagen-induced arthritis characterized by joint inflammation and destruction. 27 It is possible that complement activation contributes to AAA via a similar mechanism.
The second, more recent study on complement cascade in human AAA was published while the current study was under review and investigated polymorphisms in genes of the alternative pathway in a case-control study of 434 AAA patients and 378 controls. 28 No evidence for association was found, including polymorphism rs2230199 in C3, rs17611 in C5, rs13157657 in C7, and rs4151667 in CFB, which were also investigated in the current study. 28 The components of the early events in complement cascade activation were not the only differentially expressed genes in our microarray study. mRNA levels of the membrane receptors C3AR1 and C5AR1 were also significantly increased in AAA tissue. These receptors interact with the complement cascade components and can induce inflammation, 7 a characteristic feature of the AAA tissue. Both C3AR1 and C5AR1 are G-protein-coupled receptors of the 7-transmembrane type and are similar to chemokine receptors. 7 C3AR1 is present on basophils, mast cells, and SMCs. 7 It is noteworthy that a previous study demonstrated mast cell invasion in AAA tissue 29 and activation of the C3AR1 receptor can induce inflammation and SMC contraction. C5AR1 is expressed on inflammatory cells, such as basophils, mast cells, monocytes, and neutrophils, as well as on endothelial cells and SMCs. 7 Activation of C5AR1 induces inflammation and chemotaxis and increases vascular permeability. 7 The invasion of neutrophils into the AAA tissue has been shown in mouse and human studies. 30, 31 SERPING1, CFH, and CD59, 3 of the 4 naturally occurring inhibitors in complement cascade, had decreased mRNA levels in AAA tissue on the basis of our microarray results. The importance of CD59 as an inhibitor of the final steps in forming the membrane attack complex was demonstrated in Cd59-deficient mice in the angiotensin II-induced mouse model (mCd59ab Ϫ/Ϫ /Apoe Ϫ/Ϫ ) of AAA, which showed accelerated development of AAA. 32 To elucidate the mechanisms of transcriptional control of complement cascade genes, a search for transcription factor binding on the promoters was carried out in silico followed by ChIP-chip analysis. Both methods showed overrepresented binding sites or strong binding of transcription factor STAT5A on the promoters of complement cascade genes.
Interestingly, the in silico analysis demonstrated 5 genes with overrepresented STAT5A binding sites, of which 4 belong to the classical pathway. ChIP-chip analysis on monocyte cell cultures showed strong binding of STAT5A on 10 of the 34 complement cascade genes and moderate binding on 9 of the 34 complement genes, consistent with involvement of STAT5A transcription factor in the regulation of these genes. STAT5A was found to be present in both AAA and nonaneurysmal abdominal aorta as mRNA and protein. Double staining showed that some macrophages present in the tissue were positive for STAT5A (Supplemental Figure II) . The role of STAT5A in vascular diseases was also investigated in a recently published study carried out in a mouse model. 33 The study used a model in which angiotensin II is infused into Apoe Ϫ/Ϫ -deficient mice, and a dominant negative form of monocyte chemoattractant protein, named MCP1-7ND, was administered to these mice. 33 Immunohistochemical staining of phosphorylated STAT5 was decreased in SMCs in the MCP1-7ND group, and these animals tended to have fewer AAAs, although the results were not statistically significant. 33 The authors speculated that the findings suggest that AAA development is due to decreased proliferative and migratory response, but they pointed out that their results were not consistent with another study using a mouse model in which AAAs are induced with calcium chloride.
In humans, the liver is the major source of complement proteins, 34 but other tissues also express complement cascade proteins. Glial cells and neurons have been shown to express complement proteins after stimulation by inflammatory cytokines, [35] [36] [37] but their expression has not been described previously in peripheral nerves. In another study, human cerebrovascular SMCs expressed mRNA of many complement cascade genes, including C1QB, C1R, C1S, C2, C3, and C4 from the classical pathway. 38 Our results demonstrated the presence of the complement proteins C2, CFH, C3, and transcription factor STAT5A in the cells of the aortic wall. Although CFB mRNA was expressed in AAA tissues, CFB protein was not detectable in aortic wall tissue. An interesting finding was that ganglion cells in peripheral nerve expressed C2; this might be inflammation induced. Production of CFH in myoblasts has been reported in a previous in vitro study on human myoblast cell lines. 39 CFH protein was present in the cytoplasm of myofibroblasts of the control aortic tissue in our study, but myofibroblasts in AAA wall were negative for CFH. This could be due to downregulation of CFH mRNA in the AAA tissue or due to apoptosis of SMCs.
In conclusion, our results provide strong evidence that the complement cascade plays a role in the pathophysiology of human AAA. Furthermore, the overrepresented binding sites of transcription factor STAT5A on the promoter regions of the complement cascade genes suggest coordinated regulation of their gene expression.
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